The olfactory nervous system of insects and mammals exhibits many similarities, which suggests that the mechanisms for olfactory learning may be shared. Molecular genetic investigations of Drosophila learning have uncovered numerous genes whose gene products are essential for olfactory memory formation. Recent studies of the products of these genes have continued to expand the range of molecular processes known to underlie memory formation. Recent research has also broadened the neuroanatomical areas thought to mediate olfactory learning to include the antennal lobes in addition to a previously accepted and central role for the mushroom bodies. The roles for neurons extrinsic to the mushroom body neurons are becoming better defined. Finally, the genes identified to participate in Drosophila olfactory learning have conserved roles in mammalian organisms, highlighting the value of Drosophila for gene discovery.
INTRODUCTION
Understanding how the brain and the remainder of the nervous system enable animals to learn and remember remains one of the great mysteries in neuroscience. Learning, which is also referred to as memory formation, is often defined as a change in animal behavior in response to experience. The persistence of this behavioral change over time is memory. Many memories that form can be specific to one sensory system, like visual memories, whereas other memories form in response to multimodal sensory experience. Memories can persist for different lengths of time; some memories are short-lived and some are long-lived. In addition, memory formation is a problem that surfaces at several levels of analysis, from issues dealing with the molecules involved in memory formation to the changes that occur with learning in groups of neurons, or at the systems level of neuroscience. Many of the important problems about memory formation deal with the nature, duration, location, and mechanisms of the changes in the nervous system that underlie behavioral memory. These changes are also referred to as memory traces (Yu et al. 2004) .
For most of the 30 years that Drosophila melanogaster has been used to study olfactory memory formation, investigators have regarded it as an animal model providing relatively rapid, facile, and unbiased access to the genes involved in the process of memory formation (reviewed by Quinn & Greenspan 1984 , Dudai 1985 , Tully 1987 , Heisenberg 1989 , Davis 1996 , Waddell & Quinn 2001 . The molecular genetic prowess of this insect has remained intact, but in the last few years there has been a surprising emphasis on tool development and research at the level of systems neuroscience. Because of these advances, the face of this experimental model has evolved from one suited for gene discovery to one offering the opportunity to integrate the molecular genetics of memory formation with the systems neuroscience of memory formation, with its emphasis on the pathways of information flow, information processing, and information encoding by groups of neurons.
There are two primary laboratory assays for olfactory memory in Drosophila. The first, which is an operant olfactory learning assay, was developed by colleagues in 1974 (Quinn et al. 1974) . In this assay, the flies learn to avoid running into a tube containing an odor after a training session that pairs the odor with electric shock as a negative reinforcer. Flies are allowed to run alternatively into one of two Plexiglas tubes that contain different odorants and receive electric shock only in one of the two tubes and in the presence of only one of the odors. After training, the relative avoidance of the shocked odor versus the control odor is quantitated by allowing the flies the opportunity to run into fresh tubes containing the same odors, but without shock. The selective avoidance behavior is measured and used as a learning, or performance, index.
The second assay, which measures olfactory classical conditioning, was developed by Jellies (1981) and improved upon by Tully & Quinn (1985) . In this assay, a group of flies is sequestered in a plastic tube, and two odors are presented to the flies in succession, by pulling odor vapor through the tube with a vacuum. The flies receive multiple electric shock pulses (the unconditioned stimulus, US), in association with one of the odors (the conditioned stimulus, CS+), through an electrified copper grid that comprises the wall of the tube. They are then presented with a counter odor without electric shock (the CS−). After training, the animals are forced to run toward one of the two converging odors presented to them in a T-maze, and their selective avoidance of the shock-associated odor is again calculated into a performance index. Several variations of this assay have been developed, including variations in which the animals are presented with a very short odor presentation along with one shock pulse (Beck et al. 2000) . This produces very modest performance gains after one training trial, but multiple training trials performed in succession can then Conditioned stimulus: any stimulus that becomes predictive of the unconditioned stimulus after behavioral conditioning Unconditioned stimulus (US): a stimulus that gives rise to an unconditioned response be used to construct acquisition curves and to normalize the initial performance levels between control and mutant animals (Beck et al. 2000 , Cheng et al. 2001 . Alternatively, multiple training trials, each using multiple shock pulses, can be presented in succession in either a massed or a spaced configuration to produce long-term memory lasting several days (Jellies 1981 , Tully et al. 1994 ). Another recently introduced variation of this assay is the replacement of the electric shock US with an appetitive US: sucrose for a hungry fly (Schwaerzel et al. 2003) . Training animals with a sucrose US is performed in a manner similar to the negatively reinforced situation, except that the animals are allowed to feed on a sucrose-saturated filter paper for 30 s in the presence of the CS+ and then are transferred to a tube containing a watersaturated filter paper in the presence of the CS− odor.
Molecular genetic approaches to olfactory memory formation in Drosophila and the concepts that have emerged over the past 30 years have been reviewed recently in this series (Waddell & Quinn 2001) . A listing of the genes discovered to function in olfactory memory formation is provided in Table 1 for background, and an abbreviated discussion of some early gene discoveries is included within the text; the emphasis here, however, is on the more recent discoveries and the results that have begun to merge molecular genetic and systems neuroscience approaches. In addition, a critical appraisal of much of the literature is offered to help identify the solid and weak tenets in the field. The focus is also on olfactory operant and classical conditioning. Other types of conditioning that are multimodal but depend partly on olfactory cues such as courtship conditioning (Joiner & Griffith 2000 , Siwicki & Ladewski 2003 and olfactory nonassociative learning (Devaud et al. 2003 , Cho et al. 2004 are not reviewed. One interesting tangent of the molecular genetic dissection of olfactory memory formation in Drosophila is also discussed. This is the surprising functional conservation of the www.annualreviews.org · Olfactory Learning in Drosophila 277 
THE CONDITIONED STIMULUS (CS) PATHWAY IS COMPOSED OF THE INTRINSIC NEURONS IN THE OLFACTORY NERVOUS SYSTEM
The neural system of interest for thinking about and studying olfactory memory is, for the most part, the olfactory nervous system (reviewed by Davis 2004) . In Drosophila, odors are sensed by ∼60 olfactory receptor proteins, one of which is expressed in each of the ∼1300 olfactory receptor neurons (ORNs) that reside in the sensory bristles on the antennae and maxillary palps on each side of the head (reviewed by Lessing & Carlson 1999 , Davis 2004 . The ORNs project their axons to the synaptic areas of the antennal lobe, the glomeruli (Figures 1 & 2) . There are ∼43 glomeruli in each antennal lobe of Drosophila, so on average, 30 ORNs project their axons to an individual glomerulus, and ORNs that express the same olfactory receptor protein project to the same glomerulus (Laissue et al. 1999 , Gao et al. 2000 , Vosshall et al. 2000 , Scott et al. 2001 ). In the antennal lobe, the ORNs form excitatory synapses with the projection neurons (PNs) as well as with local interneurons (LNs). The LNs are primarily GABAergic and ramify extensively within most glomeruli, providing crossinhibition between glomeruli. Generally, the ∼180 PNs extend dendrites into a single antennal lobe glomerulus and convey olfactory information to the mushroom bodies (MBs) and to the lateral horn (LH) (Figures 1 & 2 ; Jefferis et al. 2001 , Marin et al. 2002 , Wong et al. 2002 . Because there are 43 glomeruli and 180 PNs, each glomerulus is sampled on average by 4-5 PNs. The MBs consist of ∼2000 neurons in each hemisphere and consist of three major cell types: the α/β, α /β , and γ MB neurons (Crittenden et al. 1998 ). The neuropil area in which synaptic contacts are made between the PNs and the MB neurons is called the calyx.
The α/β, α /β , and γ MB neurons are similar in that each extends a single axon in an anterior direction through a structure called the pedunculus (Figure 1 ), but the γ neurons are different from the α/β and α /β neurons by having a single neurite that extends toward the anterior and then turns medially (Figure 1) . The α/β and α /β neurons are branched; one collateral for each type of neuron extends dorsally into neuropil areas denoted as the α and α lobes, and the other collateral for each type of neuron extends medially into neuropil areas denoted as the β and β lobes (Figure 1 ). Little is known about the neuronal composition of the LH. Neurons that are postsynaptic to the MBs and the LH also remain poorly characterized (Davis 2004) , so the disposition of the olfactory information beyond these brain areas is unclear.
SEVERAL TYPES OF EXTRINSIC NEURONS PROVIDE INFORMATION REPRESENTING THE UNCONDITIONED STIMULUS TO THE OLFACTORY NERVOUS SYSTEM

Aversive US of Electric Shock
For classical conditioning, the pathway of information flow for the CS, the odor, is by definition identical to the olfactory pathway.
It is important to define, however, the sites at which US information and neuromodulatory inputs converge on the CS pathway, and how these intersections allow for the formation or modulation of memory formation occurring within the olfactory pathway. For the electric shock US, there is little understanding of the pathways that carry this information, although recent optical imaging results of neural activity in living animals indicate that there is neuronal selectivity for receiving
Figure 1
Schematic diagram of the olfactory nervous system in the right hemisphere of the brain of Drosophila, as viewed from the anterior, slightly dorsal, and left side of the fly. Olfactory information is passed from olfactory receptor neurons (ORNs) on the antennae via the antennal nerve (AN) to the antennal lobes (AL), which contain ∼43 glomeruli (light green), each receiving projections from ORNs that express the same olfactory receptor. Odor information is then transmitted via projection neurons from the ALs through the antennal cerebral tract (ACT) to two regions in the dorsal and posterior brain, one containing the mushroom body (MB) neurons. The other is the lateral horn (LH). The PNs synapse on the dendrites of the MB neurons in a neuropil area called the calyx (C). The MB neurons project their axons as a bundle (penduculus, P) to a position just dorsal to the ALs. The axons of the α/β and α /β MB neurons split at that location into two collaterals, one which projects dorsally and the other medially. The dorsally projecting processes are termed the α-and α -collaterals. The medially projecting processes are termed the β-and β -collaterals. A third class of MB cells, the γ neurons, has only a medially projecting process. These axonal processes reside together in neuropil areas called lobes. A single dorsal paired medial (DPM) neuron resides in each brain hemisphere and extends a process that diffusely innervates the MB lobes. Modified with permission from Davis (2001) .
Glomeruli:
well-defined and distinguishable areas of neuropil that have a high density of synapses electric shock information (Yu et al. 2004) . Using the transgenically supplied optical reporter, synapto-pHluorin, which provides for a fluorescent readout of synaptic activity, Yu and colleagues (2004) 
Figure 2
Circuit diagram of the Drosophila olfactory nervous system. The antennae contain the olfactory receptor neurons (ORNs), and these synapse on projection neurons (PNs) and local interneurons (LN) of the antennal lobe. The cell bodies of the PNs and LNs are diagrammed for simplicity as being within glomeruli, but in reality, the ORN terminals synapse on PN and LN dendrites within the glomeruli and the cell bodies reside in clusters at the circumference of the antennal lobes. The LNs are generally thought to be inhibitory. A blunt line terminus indicates inhibitory synapses, and a small triangle indicates excitatory synapses. The PNs project to the lateral horn (LH) as well as to the MB neurons. For simplicity, neurons of each glomerulus are depicted as projecting to distinct sets of LH and MB neurons, but PNs are thought to synapse with many different MB neurons. The collaterals of the three types of MB neurons (α/β, α /β , and γ ) are illustrated as receiving inputs from dopaminergic (DA) and octopaminergic (OA) neuromodulatory neurons as well as dorsal paired medial (DPM) neurons. These inputs are likely to be on the MB axons and axon terminals, given that dopamine and octopamine receptors are distributed along these processes (Han et al. 1996 Kim et al. 2003) , but neuromodulatory inputs could also arrive on the MB dendrites (Hammer & Menzel 1998) . Modified with permission from Davis (2004) .
shock. Thus, PNs receive electric shock US information via some undefined neural pathway, but two other types of neighboring neurons do not. The responses of the PNs to electric shock delivered to the abdomen are fast and robust. Thus the US information being presented to the PNs is likely from presynaptic neurons using a fast, excitatory neurotransmitter rather than from slow, neuromodulatory inputs. There are no other cells in the olfactory nervous system that have been shown, to date, to respond to electric shock pulses to the body, although it is highly likely that other areas such as MBs will also receive shock US information, either indirectly from the PNs or directly from other, presynaptic neurons. Dopaminergic neurons have long been modeled as potentially mediating or contributing US information (Davis 1993 , Han et al. 1996 to the MBs, and recent experimental evidence contributed by Schwaerzel and colleagues (2003) is consistent with the model that dopaminergic neurons may provide part of electric shock US information to the MBs. This intersection is likely at the MB axons or axon terminals because dopaminergic neurons have been shown to innervate broadly areas of the MB lobes (Nassel & Elekes 1992) . A transgenic fly line in which the tyrosine hydroxylase promoter was used to drive the expression of yeast GAL4 was used to express Shibire ts (Shi ts ) in dopaminergic neurons. Tyrosine hydroxylase is the first step in dopamine biosynthesis and therefore is expressed in all dopaminergic neurons. Shi ts is a dominantnegative and temperature-sensitive variant of dynamin, which is involved in neurotransmitter vesicle recycling. At elevated temperatures, neurotransmitter vesicle recycling is inhibited, producing a block in synaptic transmission (Kitamoto 2001) . When tyrosine hydrolyase-GAL4 is used to drive UASShi ts and the flies trained and tested immediately afterward at elevated temperature, olfactory conditioning using electric shock US is impaired. However, in experiments in which training and testing are separated in time, there is no effect of elevated temperature presented only at the time of retrieval, whereas elevated temperature presented at the time of training severely impairs performance. These data argue, therefore, that dopaminergic synaptic activity is required at the time of conditioning using the electric shock US but not at the time of retrieval. Experiments were not performed to block dopaminergic transmission during times after training but before testing, so it remains unknown whether dopaminergic synaptic transmission has a role only for a very discrete window of time at training or whether dopamine stimulation is also required after training but before testing for memory maintenance. Nevertheless, the available data are consistent with a model that dopamine conveys at least part of the aversive US during electric shock-reinforced, olfactory classical conditioning. However, the data do not discriminate whether dopaminergic synaptic transmission is part of the US signal or whether dopamine is simply a permissive signal for learning to occur.
Appetitive US of Sucrose
Research with the honeybee has provided a reasonable pathway by which a sucrose reward US may intersect the olfactory pathway in Drosophila. The ventral unpaired medial (VUM) neurons in the honeybee, which are located in the subesophageal ganglion, are stimulated upon presenting sucrose to the bee's proboscis (Hammer & Menzel 1998) . This observation, along with neuron dye-fills, which showed that the VUM neuron extensively innervates multiple areas of the olfactory nervous system, including the antennal lobes, the MBs, and the LH, prompted investigators to test whether electrical stimulation of VUM by itself might be sufficient to replace sucrose application to the proboscis as the US used for conditioning. Honeybees that were presented odor with simultaneous VUM stimulation did indeed exhibit changes in response to conditioning. The muscles that normally drive the proboscis extension response became much more active in response to odors after conditioning compared with before. Because VUM was shown to be octopaminergic, these results indicate that reinforcement using the appetitive US of sucrose is mediated at least in part through the VUM neuron and its intersections with the CS pathway in the antennal lobe, MBs, or LH. An intersection with the calyces of the MBs, as well as the antennal lobes, is suggested by a more recent study showing that injection of octopamine into the calyces or antennal lobes during an odor-conditioning paradigm is sufficient as a US stimulus for proboscis extension (Hammer & Menzel 1998) .
Recent studies with Drosophila are consistent with the idea that octopaminergic neurons may mediate part of the US signal used for learning associations between odors and appetitive stimuli (Schwaerzel et al. 2003) . Mutant flies deficient in tyramine-β-hydroxylase (TβH) are unable to convert tyramine into octopamine. TβH mutant flies show normal olfactory learning when an electric shock US is used, but they are defective when a sucrose US is used. However, the impairment in classical conditioning using sucrose as the US is corrected if the TβH mutant animals are fed on octopamine just prior to training. The fact that this feeding regimen corrects the olfactory learning deficit when feeding occurs just prior to training, but not after training, is consistent with a model that envisions octopaminergic innervation mediating the US used for acquisition, rather than as a reinforcer used for memory stabilization. However, the specific neural pathways that deliver octopamine to the olfactory nervous system in Drosophila are unknown, although it is reasonable to expect VUM-like neurons to exist in all insects and to function in similar ways. And as for the involvement of dopamine in electric shock-reinforced olfactory learning, it remains unclear whether octopamine in Drosophila is instructive as the US or is simply permissive for olfactory conditioning to occur. In the honeybee, however, the amine appears to be sufficient.
www.annualreviews.org · Olfactory Learning in Drosophila 281
DPM Neurons
The DPM neurons (Figure 1) are extremely interesting when considering molecular and systems-level issues of how olfactory memories are formed. Each DPM neuron extends a single axon-like process that broadly ramifies throughout the neuropil areas containing the collaterals of MB cells, and presumably synapses on these neurons, although such synaptic interaction has not yet been demonstrated. The DPM neurons are thought to release acetylcholine as neurotransmitter, evidenced by the activity of the choline acetyltransferase gene promoter in these neurons (Keene et al. 2004 ). In addition, the DPM neurons strongly express and are believed to release neuropeptide products encoded by the amnesic (amn) gene (Feany & Quinn 1995 , neuropeptides that may activate the adenylyl cyclase expressed in the MB neurons and encoded by the rutabaga (rut) gene (Table 1, Figure 4 ). However, no direct evidence shows that the putative neuropeptide products have any activity that regulates MB neurons via the rut-encoded adenylyl cyclase, nor is it certain that the amn peptides stimulate MB neurons. The DPM neurons may synapse onto other extrinsic neurons in the MB lobes, or the neuropeptides could be released and have an autocrine function on the DPM neurons themselves.
The expression of a wild-type amn transgene in these neurons rescues the olfactory memory deficit of the amn mutants, and the expression of UAS-Shibire ts (UAS-Shi ts ) at restrictive temperatures in these neurons phenocopies the amn mutant . The DPM neurons have been conceptualized as providing some of the US input onto MB neurons (Figure 4 ) (Kandel & Abel 1995) . If true, this begs the question of where the DPM neurons receive their input. They have no obvious dendritic processes, which indicates that perhaps they receive input onto their cell bodies, that their dendrites are short and fine and therefore difficult to visualize, or that the processes innervating the MB neuropil contain both transmissive and receptive specializations. In this latter scenario, they would be both postsynaptic and presynaptic to the MB neurons. Although a function as a US source is possible, the temporal requirement for DPM synaptic transmission for normal olfactory classical conditioning is limited between 30 and 150 min after training. Keene and colleagues (2004) showed that blocking synaptic transmission from the DPM neurons using UAS-Shi ts only at times between 30 and 150 min after training, but not at the time of training or retrieval, impairs memory tested at 3 h, providing evidence for the role of these neurons and their neurotransmitter products in the stabilization of already formed memories, memory consolidation, or for a later temporal phase of memory such as middle-term memory. These observations also indicate that DPM neurons must be spontaneously active during this period or have persistent activity that is induced at the time of conditioning. The temporal requirement for DPM synaptic transmission is not completely consistent with what one would expect from a neuron contributing the US required for acquisition.
The temporal window during which DPM neurons need to be active for the establishment of normal 3-h memories was determined for two odors used for conditioning, methylcyclohexanol and octanol (Keene et al. 2004) . However, what is true for some odors does not seem to be true for all. In parallel experiments, the Shi ts transgene was used to block DPM synaptic transmission as the animals learned about benzaldehyde. In this case, however, a block in synaptic transmission during conditioning compromised 3-h memory. Why there exists a differential role of DPM synaptic transmission in the formation of memories about different odors remains unclear. However, the reason may be related to the sensory systems that detect the odors. The odors methylcyclohexanol and octanol are detected by the ORNs that reside on the antennae and maxillary palps, as shown by the lack of a behavioral response to these odors when these structures are surgically removed from the flies. In contrast, flies without antennae or palps still respond to benzaldehyde through some other unknown sensory system.
THE ANTENNAL LOBES APPEAR TO BE A SITE FOR THE FORMATION OF SHORT-TERM OLFACTORY MEMORIES
At present, there is no indication that olfactory memory traces are laid down after conditioning in the ORNs. Recent evidence, however, indicates that the initial phases of olfactory memory may be represented by changes in the representation of odors by PNs in the antennal lobe. Yu and associates (2004) utilized transgenic flies that express the synaptic reporter synapto-pHluorin (Ng et al. 2002) in the PNs and classically conditioned the transgenic animals to specific odors using an electric shock US. They quantified synaptic release from the PNs onto other neurons in antennal lobe glomeruli in response to odors before and after conditioning. This is possible because the PN neurites that extend into the glomeruli have both receptive and transmissive specializations (Ng et al. 2002) , allowing synaptic release from PNs to be visualized in the glomeruli. As expected, individual odors in unconditioned flies are represented by the stimulation of different subsets of PNs, which are identified by the glomeruli that they innervate. Surprisingly, however, the conditioned odors after training are represented by the same sets of PNs representing the odor in naïve animals along with additional sets of PNs. In other words, conditioning recruits new synaptic activity of PNs that fail to respond to the CS prior to training, which thus indicates that the representation of the CS changes more qualitatively-additional sets of PNs enter the representation-than quantitatively. Furthermore, the memory trace of recruited PN synapses is short-lived, lasting between 5 and 7 min after conditioning. Because flies conditioned and tested behaviorally can remember for days, this memory trace detected by optical imaging can potentially be responsible for conditioned behavior for only the first few minutes after conditioning.
There remain many unknowns surrounding this relatively new observation. Although training recruits the activity of additional PN synapses into the odor CS representation and the activity of these PN synapses is undetectable in the naïve state, the recruited PN synapses may be active prior to conditioning, but this activity is below the sensitivity for detection by optical imaging. Despite this possibility, the recruitment as assayed by optical imaging does appear to occur in a rather large, stepwise fashion, rather than through graded changes in the levels of PN activity. In addition, the memory traces revealed by these studies is at present a behavioral correlate. No direct evidence has confirmed that the trace guides behavior. Another interesting issue concerns the cell biology of this phenomenon. Is the recruitment of PN synapses in the antennal lobe synapse specific, i.e., occurring only on the PN synapses in this region of the olfactory nervous system, or are the synapses that the recruited PNs make in the MBs and lateral horn also recruited? If the memory trace lasts only minutes after training and yet behavioral memories last days, might the memory trace of PN recruitment be transferred to the MBs to be used as substrate to build a more enduring memory trace that could account for the time course of behavioral memory? Finally, the biochemical mechanism by which the presynaptic terminals of PNs become activated within 3 min after training remains completely unexplored.
Despite these unknowns, these recent observations correlate beautifully with nowclassic behavioral studies of honeybees performed by Erber and Menzel more than 20 years ago (Erber et al. 1980) . These investigators used a miniature cooling probe to inactivate regions of the honeybee brain after olfactory induced proboscis extension learning,
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and then they tested the memory at 15 min after conditioning. Partial amnesia is produced if the antennal lobe is cooled within a 3-min window after training but not thereafter. These experiments were perhaps the first to indicate that short-lived, memory traces are laid down in the antennal lobe after olfactory classical conditioning.
MUSHROOM BODIES ARE A MAJOR SITE FOR OLFACTORY MEMORY FORMATION
The accumulated evidence supporting a dominant role for the MB neurons in olfactory learning is compelling, and recent studies have continued to support this role. Dubnau and colleagues (2001) and McGuire and colleagues (2001) recently employed the Shi ts transgene to block conditionally synaptic transmission from MB neurons to determine the importance of MB neuron synaptic transmission for memory formation, consolidation, and retrieval. When flies expressing Shi ts in MB neurons are trained and tested at restrictive temperatures, olfactory memory formation is blocked (Dubnau et al. 2001 , McGuire et al. 2001 . If the block is applied only during training but not testing, no impairment is observed (Figure 3) , nor is there any impairment when the block is imposed between training and testing. However, when the block is imposed during testing, but not during training or during an interval between training and testing, performance is blocked.
These studies inform us about the role of MBs in olfactory learning in several ways. One conclusion is that synaptic transmission from the MB neurons onto follower neurons is required at the time of testing for normal olfactory memory performance to be observed, which suggests that olfactory memories are formed upstream of the output synapses of MB neurons onto their follower neurons and probably within MB neurons themselves. Second, because olfactory memories are formed normally when synaptic transmission from the MB neurons is blocked during training, synaptic transmission from the MBs at that time is not an essential component of memory formation. Related to this is the conclusion that there is no requirement for follower neurons to provide feedback onto the MB neurons for normal memory formation. The idea that memories form via a feedback loop was a formal possibility prior to these experiments. Finally, in some experiments (McGuire et al. 2001) , Shi ts was expressed only in the α/β MB neurons, and this specific expression mimicked the retrieval impairment observed upon expressing Shi ts globally in the MBs. This observation suggests that retrieval of olfactory memories for the odors used for conditioning occurs exclusively through the α/β neurons. It remains possible that olfactory memories are formed in other types of MB neurons and are transferred to the α/β neurons prior to retrieval. The conclusions to these experiments, however, assume that the dominant-negative dynamin has a specific effect on synaptic transmission via the MB neuron output synapses. However, dynamin participates in many aspects of cellular endocytosis (Praefcke & McMahon 2004) . So it remains to be proven that the behavioral effects observed are due to blocking the MB output synapses.
Overall, however, these data support the accumulated data already reviewed extensively (Davis 1993 (Davis , 1996 Roman & Davis 2001; Waddell & Quinn 2001; Dubnau et al. 2003a; Heisenberg 2003) , which support the postulate that MB neurons are principle sites for olfactory memory formation. Despite this well-accepted idea, what the MBs contribute specifically to overall behavioral memory formation remains obscure.
Because there exists a short-lived olfactory memory trace in the PNs of the antennal lobe and because localized cooling of the antennal lobes after training honeybees has a defined window of efficacy, an attractive model would show that the MBs form memory traces with a delayed onset relative to the PNs and guide behavior from perhaps several minutes after Effects of blocking synaptic transmission from MB neurons with Shi ts on olfactory memory retrieval. The four panels illustrate the 3-h olfactory memory performance scores in flies carrying a GAL4 transposon with high expression specificity to the MBs (GAL4 P247 ), UAS-Shi ts , and both elements (GAL4 P247 ; UAS-Shi ts ). (A) There is no difference among genotypes after training and testing at 25 • . (B) Training at 25 • and then testing at 32 • completely blocks retrieval in the GAL4 P247 ; UAS-Shi ts flies owing to the blockade of synaptic transmission from the MBs. (C) There is no significant difference among the genotypes when trained at 32 • and then tested at 25 • . (D) There is no significant difference among the genotypes if the temperature is elevated after training but before testing. These and other similar results have shown that synaptic transmission from the MB neurons is required for retrieval but not for the acquisition or storage of olfactory memories. Adapted from McGuire (2003). training to hours after training. But where are the long-term memory traces formed that last a day or longer? A recent report claimed that long-term memory formation occurs within the α and α collaterals of the α/β and α /β MB neurons, respectively (Pascual & Preat 2001) , and if true, offers an intriguing cellbiological dimension to Drosophila long-term memory formation, with long-term memories forming in some, but not all, collaterals of the ala flies appear to lack the β and β collaterals, and 5% lack the α and α collaterals. The remainder of the ala mutants has unilateral defects or other combinations of structural defects. One interpretation of these low-resolution anatomical studies is that the α/β and α /β neurons are simply missing their vertical (α and α ) or horizontal (β and β ) collaterals, although it remains possible that the collaterals are simply misrouted to an alternative area of the brain, perhaps the area occupied by the sister collateral. Studies of single MB neurons in the ala mutants are required to resolve these alternatives. Despite these structural defects in the MBs, the mutant has remarkably normal performance when trained and analyzed as a heterogeneous group. Performance at 1 or 3 h after a single cycle of training and performance at 24 h after 10 cycles of massed or spaced training is not significantly different from the wild-type control. However, when the mutant flies were analyzed for structural defects by immunohistochemistry after testing, separating those that made the correct choice from those that made an incorrect choice, a difference was noted. Mutant flies missing the β/β collaterals perform indistinguishably from the control flies, but mutant flies missing the α/α collaterals have no memory after 10 cycles of spaced training. However, the flies missing the α/α collaterals exhibit normal memory from single-cycle training as well as normal 24-h memory from 10 cycles of massed training. These data are consistent with the possibility that long-term memory formed after spaced training forms specifically in the α/α collaterals of the α/β and α /β neurons, or that the formation or retrieval of long-term memory formed from spaced training requires the neural connections between the α/α collaterals and their follower neurons. In addition, since short-term memory is normal in these mutants, there may be functional redundancy between the horizontal and vertical collaterals for this process.
Although intriguing, these results suffer from the problem of inadequate sampling. The histological efforts for the study were heroic in terms of the number of flies analyzed, but the low expressivity of the α/α -absent phenotype softens the conclusion. Only 53 flies missing α/α collaterals entered the final calculation of the performance index after spaced training. This performance index was zero, which equates to ∼27 flies having made the correct choice and 26 the incorrect choice. The wild-type controls after 10 cycles of spaced training had a performance index of 38, which if adjusted to 53 flies, would equate to 37 flies making the correct choice and 16 making the incorrect choice. Thus, the overall conclusion rests on the choice decision made by only 10 flies. Clearly, a mutant with complete expressivity of the α/α -absent phenotype is needed to confirm the results.
Recent experiments examining long-term memory performance after multiple cycles of spaced training of flies expressing Shi ts are consistent with the possibility that at least some portion of long-term memory forms within the α/β MB neurons ). The 24-h memory performance of flies expressing Shi ts in the α/β MB neurons is reduced to about half of the control values when such flies are subjected to the restrictive temperature only at the time of testing. This indicates that approximately half of the longterm memory retrieval is blocked by the nonpermissive condition. However, because the block of long-term memory was incomplete, the data leave open the possibility that some of the neural signals employed during retrieval leak from the α collateral owing to an incomplete block in synaptic transmission, or that some long-term memory is formed outside the MBs and can be retrieved independently of MB synaptic transmission.
OLFACTORY MEMORY FORMATION MEDIATED BY THE MUSHROOM BODY NEURONS EMPLOYS MANY MOLECULAR PLAYERS
Genes that impair olfactory memory formation when they are disrupted and have contributed to the conceptualization of the physiological basis for olfactory memory formation are listed in Table 1 . Numerous reviews contain detailed information about the nature of these genes and their gene products (Davis 1993 (Davis , 1996 Roman & Davis 2001; Waddell & Quinn 2001; Dubnau et al. 2003a) along with the primary literature references.
The products of most of the genes listed in Table 1 are thought to participate in the process of olfactory memory formation by acting within the MB neurons, although much of the evidence for selecting the MBs as the site of action is indirect. The major reason for focusing on the MBs is because of the elevated expression of some of these genes within these neurons. For instance, dunce (dnc), rutabaga (rut), DC0, PKA-RI, leonardo (leo), Volado (Vol), fasciclinII (fasII) and pumilio (pum) have all been directly shown to have preferential expression within these brain neurons. Several other genes have preferential expression in the MBs as inferred from reporter gene expression (cre, osk, eIF-5C). Preferential expression in the MBs alone is a weak argument for site of action of any individual gene product, but the coincidental preferential expression of many different relevant proteins in these neurons has provided a strong basis for this postulate.
Rutabaga
However, for one gene-rutabaga (rut)-definitive evidence for a function in the MBs has been obtained. Investigators first showed that the expression of a wild-type transgene for rut in the MBs of rut mutants using the GAL4/UAS system is sufficient to rescue the early-and later-memory impairment of the rut mutants (Zars et al. 2000 , Schwaerzel et al. 2002 . Although this was important, the more critical issue regarding the adenylyl cyclase is whether the enzyme is required at the time of memory formation in adult flies. This issue was critical because the rut-type adenylyl cyclases have well-documented roles in brain development , and although the GAL4/UAS system offers control over transgene expression in space, it lacks experimenter-controlled expression in time. Thus, the GAL4/UAS rescue experiments failed to delineate whether the behavioral rescue was due to providing wild-type rut activity during development, fulfilling a need for the adenylyl cyclase in MB development and subsequently normal adult behavior, or due to a need for wild-type rut activity at the time of forming memories in adulthood.
This issue has now been solved by the development of expression systems that offer control over transgene expression in both time and space (McGuire et al. 2004 ts to repress GAL4 activity in the MB neurons during development and to derepress this activity with heat pulses during adulthood. This manipulation allowed for the controlled expression of UAS-rut + in a rut mutant genetic background. This treatment rescued the learning impairment of rut mutants, showing that expression of wild-type rut activity in the MB neurons at the time that memories are formed is sufficient for normal memory formation. In a second study, similar results were observed using a protein hybrid of GAL4 and the human progesterone receptor, named GeneSwitch. For this chimera, GAL4 activity is controlled in time by administration of the antiprogestin, RU486. Rut mutant flies carrying a transgene that provided Gene-Switch activity in the MB neurons along with UAS-rut + were fed on RU486 as adults, which rescued the rut learning impairment (Mao et al. 2004 
Other Well-Studied Genes
The current molecular biological model for olfactory memory formation in Drosophila, which emphasizes the role for the MBs, is depicted in Figure 4 (Davis 2004 Figure 4) . The gene rutabaga (rut), as mentioned previously, is mutated in the gene for a calcium/calmodulin-stimulated adenylyl cyclase. The mutant, dunce (dnc), is mutated in the gene encoding a cAMPspecific phosphodiesterase. Genetically reducing the expression of subunits for protein kinase A (PKA) or of CREB, a transcription factor stimulated by PKA, impairs short-and long-term olfactory memory, respectively. And mutants of the amnesiac gene (amn), which encodes a putative neuropeptide similar to pituitary adenylyl cyclase-activating peptide (PACAP), are deficient in olfactory memory as well. Moreover, mutants of neurofibromin (NF1), which in flies has been reported to activate adenylyl cyclases, are impaired in olfactory memory formation. These findings have combined to produce the model for MB neurons as a site of convergence for the CS and US pathways. The US pathway potentially activates the rut-encoded adenylyl cyclase through G protein-coupled receptors for dopamine or octopamine, leading to elevations in intracellular cAMP, activation of PKA, and subsequent protein phosphorylations underlying short-term memory and long-term memory, the latter partly by the activation of the transcription factor, CREB. The importance of the control of protein phosphorylation is underscored by the recent finding that mutants in nebula, which encodes an inhibitor of the protein phosphatase calcineurin, are impaired in olfactory conditioning (Chang et al. 2003) . A second major theme established from molecular genetic research with Drosophila is that cell-adhesion receptors are particularly important for memory formation. The learning mutant Volado (Vol) encodes an α-integrin, and fasciclin II (fasII) encodes a member of the immunoglobulin superfamily. In addition, recent evidence discussed below has been reported for the possibility that Notch cell-adhesion receptors may mediate long-term memory. The roles for these celladhesion receptors in olfactory memory formation may be through their adhesive and/or signaling roles at synapses (Figure 4) . One other gene that is preferentially expressed in the MBs has been well studied by Philip and colleagues (2001) for its role in olfactory memory formation, but at present it is more difficult to conceptualize the gene product's specific involvement. Leonardo (leo) encodes a member of the 14-3-3 family, and careful studies have made its involvement clear: Several different alleles of leo have clear impairments in olfactory memory formation, and these impairments can be rescued by expressing the wild-type activity in adulthood using the heat-shock promoter, arguing against a brain developmental defect as underlying the impairment in memory formation (Philip et al. 2001 ). However, 14-3-3 proteins have extremely diverse roles in cellular physiology, and it remains unclear which specific function of leo is required for memory formation.
CREB
CREB was originally implicated in long-term memory using reverse genetic approaches. The Drosophila CREB2 gene is complex, encoding at least seven isoforms produced via alternative splicing. Yin et al. (1995) reported that the dCREB2-a and dCREB2-b Current molecular model for olfactory memory formation with a focus on the role of the MB neurons. Olfactory information is conveyed by antennal cerebral tract (ACT) (Figure 1) to the MB neurons, with unconditioned stimulus (US) information potentially being conveyed, in part, by dopaminergic (DA) and/or octopaminergic (OA) modulatory neurons. The dorsal paired medial (DPM) neurons that express the amn-encoded neuropeptides may provide input to the MB neurons for olfactory memory persistence or consolidation. In the model depicted, the DA, OA, and DPM inputs activate the adenylyl cyclase (AC) product of the rutabaga (rut) gene through G protein (G)-coupled receptors. The product of the NF1 gene, neurofibromin, is thought to be involved in the activation/maintenance of AC activity. The activation of AC produces elevations in the concentration of intracellular cAMP. The dunce (dnc)-encoded phosphodiesterase degrades cAMP. It the absence of this enzyme, cAMP is elevated to intolerable levels, which compromises olfactory learning. Cyclic AMP activates the protein kinase A (PKA) tetramer by causing the release of the inhibitory PKA-regulatory (RI or RII) subunits from the catalytic (C) subunits. The DC0 gene encodes the catalytic subunit of PKA. The activation of PKA leads to either the phosphorylation of a variety of substrates for the establishment of short-term memory or the phosphorylation of CREB for the establishment of long-term memory. The nebula (nla) gene may be required for normal learning through its control of protein phosphatase activity. The Volado (Vol )-encoded integrin and fasII are cell-adhesion receptors that may mediate signaling or physical alterations of the MB synapses that are important for memory formation. Other genes reported to be involved in olfactory learning potentially by mediating alterations in MB neuron physiology include leonardo (leo), encoding a 14-3-3 protein, and Notch, a cell-adhesion receptor reported to be specifically involved in long-term memory. Recent data have interpreted that long-term memories may form only in the α/α collaterals of MB neurons, perhaps in part through the translocation of mRNA in ribonucleoprotein particles (RNP) and the activation of local protein synthesis. The crammer gene (cer) encodes an inhibitor of cysteine proteases that is required for long-term memory and may be expressed in the MB neurons, in the nearby glia, or in both of these cell types.
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AR245- NE28-11 ARI 16 March 2005 17:53 isoforms are an activator and blocker of CREB-dependent gene expression, respectively (Yin et al. 1995) . Transgenic flies containing a blocking isoform of CREB, dCREB2-b, expressed from a heat-shock promoter, have been generated and used to block dCREB2-activating isoforms in otherwise wild-type flies prior to spaced training experiments, and this produced a specific impairment in long-term memory (Yin et al. 1994 ). This observation was recently reproduced (Perazzona et al. 2004) , confirming that dCREB2-b functions as a suppressor of long-term olfactory memory. However, overexpression of the dCREB2-a isoform in adult flies using the heat-shock promoter was originally reported to enhance the formation of memory, causing long-term memories to form in flies after a training protocol that produces only short-term memory in wild-type flies. The ability of dCREB2-a to enhance memory formation upon overexpression is now controversial; a recent report failed to reproduce the original behavioral observations using the original transgenic fly lines (Perrazona et al. 2004 ). Furthermore, the latter study uncovered a nonsense mutation in the dCREB2-a open reading frame of the transgene, which predicts a markedly truncated dCREB2-a gene product from the first ATG. This makes it unlikely that any functional gene product is expressed from the transgene. Correcting this nonsense mutation to the wild-type version also had no effect on long-term memory formation. Indeed, induced overexpression of the fulllength dCREB2-a isoform produced lethality. Although the overall model shown in Figure 4 has not changed with these new observations, they raise serious questions about whether activating forms of dCREB2 can promote memory formation.
Notch
Notch is well-studied gene in many different organisms and is involved in the specification of cell type during development (ArtavanisTsakonas et al. 1999) . It encodes a singlepass transmembrane domain protein and is the central player in a direct and rapid signaling system from the cell surface to the nucleus. The binding of Notch ligands, such as the Delta protein, induces the cleavage of a cytoplasmic domain of Notch, which then enters the nucleus to regulate the expression of target genes.
The potential role for Notch in olfactory learning processes has only recently been examined. Ge and colleagues (2004) reported three different genetic manipulations of Notch that alter olfactory memory. First, a temperature-sensitive allele of Notch, N ts2 , has no affect on early olfactory memory when trained and tested at the nonpermissive temperature, but 24-h memory produced by spaced training is reduced by half. Second, the expression of a dominant-negative transgene at the time of acquisition (under the control of the heat-shock promoter) reduces 24-h memory produced by spaced training to approximately half of that observed in control flies, but expression of the dominant-negative protein has no effect on early memory. The dominant-negative protein is missing the cytoplasmic domain required for nuclear signaling, but it presumably retains the ability to bind ligands. Furthermore, expression of this construct has no effect on 24-h memory produced by massed training. These results therefore suggest that Notch functions in long-term memory that is produced by spaced training, which is thought to be a protein synthesis-dependent form. The researchers tested only the effect of inducing the dominant negative just prior to training so that the protein would be present at the time of acquisition. No experiments were performed to determine whether Notch is required to maintain memories after formation. Third, the expression of a wild-type transgene of Notch at the time of acquisition (under the control of the heat-shock promoter) was reported to facilitate the formation of protein-synthesis dependent, 24-h memory. Training flies with only one cycle of conditioning produces negligible AR245-NE28-11 ARI 16 March 2005 17:53 olfactory memory 24-h later, but the overexpression of wild-type Notch at acquisition leads to significant levels of memory 1 day later; the enhanced memory is blocked by feeding the flies cycloheximide. Thus, these combined results suggest that Notch is required at the time of acquisition for the formation of proteinsynthesis-dependent, long-term memory and that its abundance in still-unidentified cells in wild-type animals is rate limiting for the formation of this form of memory. Independent studies employing a Notch RNAi transgene and a GAL4 driver offer a possible focus of Notch function in protein synthesis-dependent long-term memory (Presente et al. 2004 ). Expression of the Notch RNAi from a GAL4 driver expressed primarily in MB neurons (GAL4 c772 ) reduces 24-h memory produced by spaced training to about half of the control, with no effect on early memory. However, these results must be regarded as preliminary. The results with only one GAL4 driver were reported; it will be necessary to obtain data with multiple GAL4 drivers expressed in various regions of the brain, and to use multiple GAL4 drivers expressed in the same target region of the brain (i.e., MBs), to rule out nonspecific effects of transgene insertion and expression. A second temperature-sensitive allele of Notch, N ts1 , was also studied. This allele, like N ts2 , is associated with long-term memory impairment at the restrictive temperature.
At present, the strongest conclusion that can be made from these studies is that Notch appears to be required for the formation of protein synthesis-dependent long-term memory. Some of the more important remaining questions include, Is Notch required only for the formation of protein synthesisdependent long-term memory, or does it have a role in maintenance? Is Notch required in neurons or glia? If in neurons, is the longterm memory role of Notch due to a process initiated at the dendrites, the cell bodies, or within the axons of the neurons that require the protein? With which ligand(s) does Notch presumably interact? Does the biochemical role for Notch in protein synthesis-dependent long-term memory follow its classical mode of action-as a molecule mediating the regulation of gene expression after ligand bindingor does Notch have another biochemical role in the adult brain? If it functions in the conventional way, which genes are regulated by Notch for long-term memory formation, and how do they confer the state of long-term memory on the neurons?
One of the more curious observations mentioned above is the enhancement of protein synthesis-dependent memory in flies that overexpress Notch, when conditioned with only a single cycle. How might we think about this, given the in-depth knowledge of Notch function during development? The developmental essence of Notch function appears to be in controlling cell fate choices between adjacent cells (Artavanis-Tsakonas et al. 1999) . For instance, the specification of the R3 and R4 photoreceptor neurons in the developing eye disc of Drosophila occurs through a gradient of an unknown signal, which ultimately causes the neuron closer to the source (R3) to upregulate expression of the ligand Delta, which then activates Notch in an adjacent precursor, specifying the R4 neuron fate. By analogy, might behavioral conditioning produce a signal that activates Notch in perhaps the neurons that represent the conditioned odor, driving the differentiation of the neurons from a state that represents the naïve odor to a state that represents the conditioned odor? This seems plausible and attractive, so long as the newly specified "state" is reversible to allow for forgetting.
Radish
Behavioral studies of rsh 1 flies have revealed several important features (Folkers et al. 1993) . First, the mutant impairs memories measured several hours after training more than very early memories. Memory scores measured immediately after olfactory classical conditioning are ∼90% of the wild-type scores, but they drop to 0 by 6 h after training.
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This mild initial impairment is similar to that produced by the amn mutants, although amn retains significantly more memory at 6 or more hours after training (Folkers et al. 1993) . Second, the mutant is semidominant. Heterozygous rsh 1 /+ flies exhibit performance scores intermediate between wild-type and rsh 1 homozygous flies (but see Tully et al. 1994 , which reports a nonsignificant trend toward semidominance). Third, and most importantly, anesthesia-resistant memory is absent in rsh 1 flies. When wild-type animals are classically conditioned and then anesthetized by cold shock at 2 h after training, memory measured 1 h later (at 3 h after training) is reduced relative to unanesthetized animals (Folkers et al. 1993 ). This happens because some of the memory at 2 h after training remains susceptible to disruption by anesthesia, whereas some is already consolidated into an anesthesia-resistant form. The rsh 1 mutants have no detectable anesthesia-resistant memory, which suggests that the rsh gene product is required for the process of consolidating memories into a form resistant to anesthesia (Folkers et al. 1993 , Tully et al. 1994 . Clever behavioral experiments performed by Comas and colleagues have suggested that anesthesiaresistant memory may form via rsh in a pathway mobilized independently at acquisition of the long-term memory initiated by cAMP signaling because anesthesia-resistant memory forms normally in rut mutants ). Thus, the gene's identification could yield very important insights into how memories are consolidated into a form insensitive to disruption with anesthesia.
Two groups claim to have cloned and identified the rsh gene. Unfortunately, the groups have fingered completely different genes as being rsh. In one case (Chiang et al. 2004 ), a GAL4 enhancer detector element named C133 was mapped to a large region of the Xchromosome close to the rsh locus (Folkers et al. 1993 ) and selected as a candidate insertion in rsh because of its cytogenetic location and because the element's GAL4 activity drives reporter gene expression in the antennal lobe (Chiang et al. 2004 ). The authors reported that C133/rsh 1 heterozygotes are impaired in anesthesia-resistant memory, tested by measuring 3-h memory performance after cold anesthesia delivered at 2 h after training. These transheterozygotes have about the same amount of anesthesia-resistant memory as do C133 homozygotes or rsh 1 homozygotes, whereas rsh 1 /+ and C133/+ have twice these levels of anesthesia-resistant memory as do wild-type flies. Thus, by this genetic criterion, the C133-containing chromosome fails to complement the consolidated memory impairment conferred by the rsh 1 chromosome. The open reading frame disrupted by the C133 insertion translates conceptually into a protein with significant homology to proteins that have phospholipase A2 (PLA2) activity, which led the authors to conclude that rsh encodes a PLA2 enzyme. In addition, the investigators demonstrated that the expression of a UAS-PLA2 transgene driven by the C133-GAL4 element rescues the impairment in performance of the C133 mutants. But the desirable evidence for gene identification that is notably absent in this report includes (a) the rescue of the rsh 1 allele with the C133-GAL4/UAS-PLA2 transgene combination; (b) the sequence of the PLA2 gene in the rsh 1 mutant, which presumably might identify the nature of this lesion; and (c) olfactory control experiments showing that C133-GAL4 flies are normal for olfaction. The former two lines of evidence are especially critical given that rsh 1 is the prototypic and defining allele of the gene (Folkers et al. 1993 , Tully et al. 1994 . The latter line of evidence showing normal olfaction in C133 homozygotes and heterozygotes is also critical, given the robust expression of the C133 GAL4 element in the antennal lobe and the semidominance reported for rsh
1 . An alternative explanation for the data is that the PLA2 gene is required for normal olfaction so that C133/+ animals are deficient in the processing of olfactory information. The apparent noncomplementary behavior of the C133 and the rsh 1 chromosomes could be due to inadequate processing AR245-NE28-11 ARI 16 March 2005 17:53 of the conditioned stimulus conferred by the C133 chromosome in C133/rsh 1 flies and the semidominant memory impairment conferred by the rsh 1 chromosome. A disruption in olfaction in a semidominant memory mutant would produce a more severe, apparent memory deficit and apparent genetic noncomplementation. The reported performance rescue of the C133/rsh 1 impairment by the PLA2 transgene could be accounted for by a rescue of the deficit in olfaction. Folkers and colleagues (2004) identified a different gene as rsh. The cytogenetic definition of rsh 1 (Folkers et al. 1993) , along with the sequence of the Drosophila genome, allowed for a directed search for the rsh 1 mutation among the genes identified within the cytogenetic interval. One open reading frame in this interval in the rsh 1 chromosome encoding a novel protein with no obvious sequence motifs contains a nonsense mutation. Antibodies made against this novel protein indicate that this protein is expressed primarily in both the nucleus and cytoplasm of the MBs. In addition, a heat-shock, promoterdriven transgene encoding this novel protein was shown capable of rescuing the rsh 1 memory impairment in a heat-shock-dependent manner. Thus, this report focused on the rsh 1 allele as the basis for identifying rsh. Therefore, the bulk of the evidence supports the conclusion that rsh encodes a novel protein expressed primarily in the MBs rather than PLA2, which if true provides evidence that the rsh-dependent consolidation of memories into an anesthesia-resistant form is a property of the MB neurons.
Atypical PKCs
The atypical PKC isozymes are independent of diacylglycerol and Ca 2+ for their activity, unlike their conventional sister enzymes. They have an N-terminal regulatory domain containing a pseudosubstrate sequence and a C-terminal catalytic domain. Removal of the N-terminal regulatory domain by proteolysis yields a persistently active kinase, referred to as atypical PKM (aPKM). Drier and colleagues (2002) have intensively studied the role of aPKM in Drosophila olfactory memory, starting with leads regarding the enzyme's role in synaptic plasticity. Physiological studies in the hippocampus demonstrated increased aPKM activity during the maintenance phase of long-term potentiation (Sacktor et al. 1993 , Osten et al. 1996 , decreased aPKM activity during the maintenance phase of long-term depression (Hrabetova and Sacktor 1996) , and a requirement for the enzyme's activity for the maintenance of long-term potentiation (Ling et al. 2002) .
Expression of a murine aPKM (MaPKM) from a heat-shock-promoter-driven transgene after a single cycle of olfactory classical conditioning enhances long-term memory performance when tested 24 h later. The performance increase depends on when the transgene is induced: Induction of the transgene before training or 2 h or more after training is without effect. Only a heat shock between 30 and 60 min after training enhances 24-h performance. To examine the behavioral specificity of this effect, the investigators induced the aPKM transgene after massed training consisting of 10 back-toback training cycles or spaced training with the same number of cycles and an intertrial interval of 15 min. Interestingly, when assayed at four days after training, only the memory formed with massed training is enhanced, which led the authors to conclude that aPKM expression specifically enhances memory formed following massed training. These experiments, however, utilized heat-shock induction at 30 min after the completion of the training, and the temporal requirement between elevated enzyme activity and training may not have been met with the spaced training protocol because enzyme induction occurred more than 2.5 h after the beginning of training. Thus, although aPKM induction clearly enhances memory formed from massed training, it might also enhance memory formed from spaced training. In addition, the memory enhancement after a single cycle www.annualreviews.org · Olfactory Learning in Drosophila 293 of training occurs in the background of the radish mutant, which indicates that memory enhancement by aPKM functions outside of the radish-dependent memory pathway. Furthermore, the expression of a putative aPKM dominant-negative protein after training, or feeding wild-type flies an inhibitor of aPKM, reduced 24-h memory. The latter results argue that aPKM is a component of the endogenous memory machinery, rather than functioning only an exogenous component that can be added to improve memory.
Together, the results argue that aPKM functions in the normal maintenance of memory and that its abundance and/or activity after training is limiting for normal memory formation because the magnitude of memory can be improved by overexpression. The mechanisms for aPKM action and the cellular and subcellular sites of function in memory formation remain unknown, although the role of the enzyme in hippocampal synaptic plasticity provides a sufficient rationale for speculating that the enzyme participates in synaptic plasticity for its behavioral roles.
Crammer/Staufen/Pumilio
Two different groups have recently isolated mutants that reportedly disrupt long-term memory without affecting short-term memory after olfactory classical conditioning. One mutant isolated with such characteristics is crammer (cer) (Comas et al. 2004 ). This mutant was isolated from a collection of enhancer detector lines exhibiting preferential expression in the MBs and has normal memory formed from one cycle of conditioning or multiple cycles of massed conditioning, but it is defective in long-term memory formed after multiple cycles of spaced conditioning. The gene disrupted in crammer encodes an inhibitor of cysteine proteases, therefore implicating these proteases and their regulation in long-term memory formation. Long-term memory formed from spaced conditioning is also disrupted by overexpression of crammer by genomic transgenes. A transgene encoding a crammer-GFP protein fusion showed GFP expression in the MBs and in what are potentially a few glial cells in the vicinity of the MB dendrites and axons, which could suggest that normal levels of glial expression or MB expression of the cysteine proteinase inhibitor is required for normal long-term memory. To investigate this, the researchers overexpressed crammer in glial cells or MB neurons using glial-or MB neuron-specific drivers and produced an impairment in long-term memory after spaced conditioning only with the glial overexpression. Although this result suggests that glia may be the source for the inhibitor, glial-specific loss-of-function experiments are needed to support the overexpression data. These data together, however, suggest that cysteine proteinase regulation-on the extracellular surfaces of MBs neurons, glial cells around MBs, or in the extracellular space between them-is important for long-term memory formation.
A behavioral screen for new long-term memory mutants was also recently completed (Dubnau et al. 2003b) . Mutants in pumilio, a protein that participates in microtubuledependent, subcellular targeting and localized mRNA translation in oocytes, were identified in the screen as having mild effects on shortterm memory but a 50% reduction of 24-h memory produced by spaced training. Mutants were also identified in the gene oskar, which encodes a protein involved in the translocation of ribonucleoprotein particles to distinct cellular compartments. Staufen, which like oskar is part of the translocation machinery, is also likely required for normal longterm memory, evidenced by the poor performance 24 h after spaced training of a staufen temperature-sensitive mutant at restrictive temperature. Moreover, mutants were also recovered in eIF-5C, which is part of the translation initiation complex. The oskar and eIF-5C mutants have a pronounced deficit in longterm memory produced by spaced training but have a relatively normal short-term memory. Evidence was also presented on the basis of reporter gene expression (pumilio, oskar, and eIF-5C) and immunohistochemistry ( pumilio) for the preferential expression of these genes in the MBs.
These preliminary results are consistent with the notion that long-term memory is subserved by directed transport of ribonucleoproteins and local translation in specific compartments of the relevant neurons. Given the preferential expression of this ribonucleoprotein transport system in the MB neurons, and the aforementioned evidence suggestive of the localization of long-term memory processes to the α and α collaterals of the MB neurons, an attractive model is that long-term memory processes are enabled through the ribonucleoprotein transport system into the α and α collaterals for local protein synthesis to aid in the establishment of long-term olfactory memories.
Several other mutants have been isolated and studied for their potential roles in olfactory memory formation, but they have not provided conceptual insights into the process or their characterization remains too preliminary. The latheo mutant was originally isolated as a mutant with impaired memory and classed as an acquisition mutant (Tully et al. 1994) , but more detailed studies have revealed that the impairment is due to maldevelopment. The mutant linotte was also originally classed as an acquisition mutant (Tully et al. 1994 ) and argued to be an authentic memory formation mutant on the basis of conditional transgenic rescue of the memory impairment with induction during adulthood (Bolwig et al. 1995) . However, more detailed studies have revealed that the mutation was originally assigned erroneously to a gene encoding a novel protein rather than to an adjacent gene encoding a receptor tyrosine kinase (Dura et al. 1995 , Moreau-Fauvarque et al. 2002 , which causes abnormal brain development. Attempts have failed to reproduce the original critical evidence of conditional behavioral rescue using transgenes for the novel protein gene, and the original conclusions have been withdrawn (Bolwig et al. 2002) . Therefore, linotte now remains as a mutant in the receptor tyrosine kinase gene, which is required for proper brain development. The nalyot mutant was also isolated in the same behavioral screen as the latheo and linotte mutants, has a modest effect on short-term memory, and encodes the Adf1 transcription factor, a Myb-related factor known to regulate the alcohol dehydrogenase gene (DeZazzo et al. 2000) . Complete loss of function of Adf1 is lethal. It therefore has clear roles in the development of the organism. Conditional behavioral rescue data using heat shock promoter-based constructs are complicated and unconvincing, but an optimistic interpretation of the behavioral rescue data (DeZazzo et al. 2000) is that Adf1 has roles both during development as well as in adult behavioral plasticity. A preliminary report suggests that mutants in a gene encoding a ribosomal S6 kinase, one kinase target of MAP Kinase, are impaired in olfactory classical conditioning (Putz et al. 2004) .
GENES REQUIRED FOR MEMORY FORMATION IN
DROSOPHILA HAVE CONSERVED BEHAVIORAL FUNCTIONS IN MAMMALS
The homologs for several of the genes listed in Table 1 have been isolated from mammalian species and studied for their potential roles in mammalian behavior. This has uncovered a remarkable conservation of function in behavioral processes. The first connection made was with the prototypic Drosophila memory formation gene, dunce. Henkel-Tigges & Davis (1990) first showed that the cAMP phosphodiesterases encoded by the rat homologs of Drosophila dunce are inhibited by the antidepressant, rolipram, and this was soon shown true also for the human counterparts of Drosophila dunce (Livi et al. 1990 ). These results provided an intriguing connection and indicated that the mammalian homologs of dunce were indeed important for mammalian behavior, in this case, in the regulation of mood. A summary of these and related studies employing genetic knockouts in the mouse are presented in Table 2 . There are two adenylyl cyclase genes in the mouse that encode calcium:calmodulin-activatable enzymes (Wong et al. 1999) and are therefore structurally and functionally homologous to the Drosophila rutabaga-encoded enzyme. Storm and colleagues created knockouts lines for both genes (Wu et al. 1995 , Wong et al. 1999 ). The adenylyl cyclase 1 knockout animals have been extensively analyzed and reported to exhibit defective spatial memory in the water maze task (Wu et al. 1995) .
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The gene families that encode the mammalian PKA subunits include four different regulatory (RIα, RIβ, RIIα, RIIβ) subunit genes and two catalytic subunit genes (Cα, Cβ). A role for this enzyme family in behavior has been uncovered through the use of transgenic animals that express an inhibitory form of the PKA regulatory subunit, R(AB), in the forebrain (Abel et al. 1997 ). These animals have reduced PKA activity and parallel behavioral deficits in spatial memory and longterm memory of contextual fear conditioning. The RIIβ gene knockouts fail at motor learning on the rotorod (Brandon et al. 1998) and are impaired in long-term memory after conditioned taste aversion (Koh et al. 2003) . The mouse Creb1 gene encodes three different CREB isoforms. A knockout that removes all isoforms is homozygous lethal . A different knockout that removes the α and δ forms but produces upregulation of the β isoform was originally reported to be strongly impaired in spatial memory and fear conditioning (Bourtchuladze et al. 1994) . Two subsequent reports generally confirmed a role for CREB in fear conditioning (Graves et al. 2002 , but a third report did not (Balschun et al. 2003) . Two of the reports generally confirmed poor performance in spatial memory tasks (Balschun et al. 2003 , and a third report did not (Graves et al. 2002) , although those confirming the deficit attributed the impairment to increased wall hugging rather than a spatial memory deficit. Thus, although it seems likely that CREB is involved in long-term memory, the specific role of CREB in mammalian memory processes remains controversial.
A more recently defined regulator of calcium:calmodulin-dependent adenylyl cyclases in both Drosophila and mice is neurofibromin, the product of the NF1 gene (Davis 2000) . Some mutations in this gene cause neurofibromatosis type I in humans, and about half of the NF1 patients are impaired in learning (Davis 2000) . Mice deficient in NF1 exhibit a weak deficiency in spatial memory and contextual discrimination conditioning (Costa et al. 2001 (Costa et al. , 2002 . Although there exist several possible mechanisms for these deficiencies (Costa et al. 2002) , the gene product neurofibromin has been shown to activate G protein-stimulated adenylyl cyclase activity (Tong et al. 2002) , so one possibility is that NF1 works partly through adenylyl cyclases (Tong et al. 2002) . The homologs of cell-adhesion receptors of the immunoglobulin superfamily and the integrins, represented by Drosophila fasII and the Volado-encoded integrins, respectively, are also required for normal mammalian learning. A classic knockout of neural cell-adhesion molecule (N-CAM) impairs spatial memory (Cremer et al. 1994) . However, this effect is very modest when conditional knockouts are used (Bukalo et al. 2004) , which potentially indicates that the effects observed with the classic knockout are more developmental in etiology. In addition, a genetic reduction in integrin function in the mouse also impairs spatial memory (Chan et al. 2003) . Finally, a requirement for the Notch1 gene in spatial memory of the mouse has been revealed by behavioral analyses of mouse knockouts (Costa et al. 2003) .
Overall, these combined studies reveal an amazing conservation of the gene products identified to function in memory formation in Drosophila. Continued studies of Drosophila memory formation seem highly likely, therefore, to provide insights into the how human memories are formed and how various human diseases disrupt learning and memory. Moreover, the development of systems neuroscience approaches in the fly has provided a unique opportunity to synthesize molecular genetics and systems neuroscience discoveries about memory formation.
